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A series of tobacco mosaic virus (TMV)-based hybrid vectors for transient gene expression were constructed with similar
designs but differing in the source of heterologous tobamovirus sequence: Odontoglossum ringspot virus, tobacco mild
green mosaic virus variants U2 and U5, tomato mosaic virus, and sunn-hemp mosaic virus. These vectors contained a
heterologous coat protein subgenomic mRNA promoter and coat protein open reading frame (ORF) and either TMV or
heterologous 39 nontranslated region. The foreign ORF, from the jellyfish green fluorescent protein (GFP) gene, was
transcribed from the native TMV coat protein subgenomic mRNA promoter, which extended into the coat protein ORF. The
presence of an in-frame stop codon within the GFP mRNA leader and the choice of sequence of GFP ORFs substantially
affected translational efficiency. However, the major regulatory component of gene expression in these vectors appeared to
be transcriptional rather than translational. There was an inverse relationship between expression of GFP and the
heterologous coat protein genes that was reflected in accumulation of the respective mRNAs and proteins. The most
effective vector in this series (30B) contained sequences encoding the coat protein subgenomic mRNA promoter, coat
protein ORF, and 39 nontranslated region from tobacco mild green mosaic virus U5. Expressed from 30B, GFP accumulated
up to 10% of total soluble protein in leaves. © 1999 Academic Press
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oINTRODUCTION
The development of virus-based vectors for the ex-
ression of foreign genes is having major impact on
aboratory research, therapeutic treatments, and com-
ercial biotechnology (Johnson et al., 1997; Palese et al.,
996; Pogue et al., 1998; Scholthof et al., 1996; Turpen et
l., 1997). In plants, several virus-based vectors have
emonstrated their usefulness as transient gene expres-
ion vehicles for the production of peptides (Hamamoto
t al., 1993; Sugiyama et al., 1995; Turpen et al., 1995),
roteins (Chapman et al., 1992; Dawson et al., 1989;
onson et al., 1991; Kumagai et al., 1993), and suppres-
ive RNAs (Kumagai et al., 1995, 1998). Such efforts have
ed to the foundation of new commercial ventures to
roduce specialty products in plants.
For the production of some specialty products, includ-
ng products for the human health industry, plants pro-
ide an optimal system because of reduced capital costs
nd the greater potential for large-scale production com-
ared with microbial or animal systems. Foreign genes
an be expressed in plants either by permanent insertion
nto the genome or by transient expression using virus-
1 To whom reprint requests should be addressed. E-mail:
iodtmv@gnv.ifas.ufl.edu.
042-6822/99 $30.00
opyright © 1999 by Academic Press
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312ased vectors. Each approach has its own distinct ad-
antages. Transformation for permanent expression
eeds to be done only once, whereas each generation of
lants needs to be inoculated with the transient expres-
ion vector. However, virus-based expression systems,
n which the foreign mRNA is greatly amplified by virus
eplication, can produce very high levels of certain pro-
eins in leaves and other tissues. Similar levels of foreign
rotein production in transgenic plants often are unat-
ainable, in some cases because of gene silencing. Viral
ector-produced proteins can be directed to specific
ubcellular locations, such as the endomembrane, cy-
osol, or organelles, or attached to macromolecules,
uch as virions, that aid purification. As an example, the
uman lysosomal enzyme a-galactosidase A which is
eficient in persons with Fabry’s disease, was exported
o the plant apoplast, resulting in an extracted intercel-
ular fluid in which 30% of the total protein was a-galac-
osidase A (G. P. Pogue and T. H. Turpen, manuscript in
reparation). Some foreign proteins of interest are inher-
ntly phytotoxic and can interfere with growth and de-
elopment of the transgenic plant. With the transient
irus vector system, mature plants can be inoculated,
hus bypassing potential problems of phytotoxicity. One
f the most important features of the virus vector systems that accumulation of foreign gene products is relatively
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313TOBACCO MOSAIC VIRUS-BASED VECTORSapid. Products can be harvested within 2 weeks after
uilding constructs and inoculation of plants, allowing for
apid evaluation of protein function.
We chose tobacco mosaic tobamovirus (TMV) as the
asis of a transient expression system in plants because
f its high level of protein production. Its coat protein
ccumulates to as much as 10% of the dry weight of an
nfected leaf. This level of protein production should be
he goal for an optimal virus-based expression vector.
MV is a positive-sense RNA virus of 6395 nucleotides
nt), expressing two replicase-associated proteins from
he genomic RNA, and the movement and coat proteins
rom 39 coterminal subgenomic mRNA (Dawson and
ehto, 1990).
By 1990 it was apparent that certain plant viruses
ould tolerate the insertion of foreign sequences and
upport heterologous gene expression in vivo (Dawson
t al., 1988; French et al., 1986; Takamatsu et al., 1987).
owever, the first generation of vectors did not express
he foreign genes throughout plants because the se-
uences encoding the coat proteins, which are required
or movement, were removed and replaced by the open
eading frame (ORF) for the foreign gene. In a second
eneration of vectors, we replaced the coat protein ORF
ith a reporter gene ORF and then added a second TMV
oat protein subgenomic mRNA promoter followed by a
oat protein ORF. This resulted in a replicating virus with
n extra subgenomic mRNA expressing the foreign gene
Dawson et al., 1989). However, homologous recombina-
ion quickly deleted the region between the repeated
equences, which included the foreign ORF, regenerat-
ng the original wild-type virus. We subsequently found
hat TMV mutants containing insertions were more sta-
le if repeated sequences were avoided, and a vector
as built by substituting a heterologous coat protein
ubgenomic mRNA promoter and coat protein ORF from
RSV (Donson et al., 1991). The resulting vector (referred
o as TB2) was sufficiently stable to produce useful
mounts of foreign proteins in plants (Donson et al.,
991; Kearney et al., 1993), including biologically active
-trichosanthin, a potential therapeutic in the treatment
f AIDS (Kumagai et al., 1993).
The level of foreign gene expression regulated by the
MV coat protein subgenomic mRNA promoter in TB2
as much lower than the level of TMV coat protein.
here are a number of tobamoviruses with different lev-
ls of sequence similarity to TMV that could potentially
e used to build improved vectors. However, it was not
nown how different tobamovirus sequences might af-
ect the performance of TMV-based expression vectors.
n this article, we report the results from a series of
MV-based vectors built essentially by the same design
xcept for the choice of heterologous tobamovirus se-
uences. Several of the vectors were similar in ability to
eplicate but differed greatly in the levels of foreign
rotein production. tOne of the vectors described herein, 30B, has been
ade available for experimental use worldwide, and its
se has already been reported (Chapman et al., 1997;
ogue et al., 1998; Yusibov et al., 1997).
RESULTS AND DISCUSSION
ector with complete subgenomic mRNA promoter
The TMV-based vector TB2, which has been used to
roduce foreign proteins and RNAs with relative stability
n Nicotiana benthamiana plants (Donson et al., 1991;
umagai et al., 1993), was designed such that the TMV
oat protein ORF would be replaced with a foreign ORF.
ncapsidation and systemic spread of TB2 were enabled
y the addition of a heterologous coat protein sub-
enomic mRNA promoter and coat protein ORF from
RSV (Donson et al., 1991). The ORF of the green fluo-
escent protein (GFP) from jellyfish (Aequorea victoria)
Chalfie et al., 1994; Prasher et al., 1992), an ideal re-
orter that allows the nondestructive visualization of
pread of the infection and relative quantification of lev-
ls of gene expression, was expressed in TB2 (Fig. 1).
igure 2B shows the fluorescence of a leaf from a TB2-
FP-infected N. benthamiana plant.
Foreign ORFs in TB2 are poorly expressed compared
ith the coat protein gene in wild-type TMV or even
xpression of the heterologous ORSV coat protein gene
n TB2. One concern was that the native subgenomic
RNA promoter that controls the foreign ORF did not
unction normally in TB2. TB2 was designed so that the
tart codon of the foreign ORF would approximate the
osition of the start codon of the displaced coat protein
RF. Because some viral subgenomic mRNA promoters
ccur within or extend into the controlled ORF (Balmori et
l., 1993), it was possible that the promoter for the foreign
RF in TB2 was incomplete. Deletion analysis of the
equences flanking the TMV coat protein transcriptional
tart site demonstrated that the major portion was up-
tream of the AUG, as had been shown for other viral
oat protein subgenomic mRNA promoters (French and
hlquist, 1988; Marsh et al., 1988; Raju and Huang, 1991),
ut also that sequences within the coat protein ORF
etween nt 125 and 154 relative to the transcriptional
tart were required for maximum subgenomic mRNA
roduction (S. Chapman and D. J. Lewandowski, unpub-
ished results). Reduced activity of an incomplete sub-
enomic mRNA promoter could contribute to the re-
uced production of foreign proteins in TB2. Therefore,
B2 was redesigned to express foreign ORFs from a
omplete coat protein subgenomic mRNA promoter. The
ew vector, TTOT, had the start codon of the coat protein
RF mutated to AGA, followed by the next 42 nt of the
oat protein ORF that contained sequences required for
ull subgenomic mRNA promoter activity, and PacI, AgeI,
meI, and XhoI restriction endonuclease sites for inser-ion of foreign ORFs. The remainder of the TMV coat
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314 SHIVPRASAD ET AL.FIG. 1. (A) Schematic diagram of the genomic organization of TMV-based hybrid vectors. All 59 NTR, replicase, and movement genes originated from
MV. The constructs are named according to the origin of the different ORFs: TTU2T-GFP has the replicase and movement genes from TMV (TTU2T),
he coat protein subgenomic mRNA promoter and coat protein ORF from TMGMV variant U2 (TTU2T), and the 39 NTR from TMV (TTU2T). Other
equences are from ToMV (To), TMGMV variant U5 (U5), and SHMV (S). GFP is the wild-type GFP ORF and GFPC3 is the ORF from the cycle 3
odification. (B) Genomic organization of 30B and 30B-based hybrid vectors. The asterisks denote the nucleotides in the start codon of TMV CP that
ave been mutated. (C) Sequences of cDNA of TMV hybrid vectors. TMGMV U5 sequence numbering is extrapolated from the TMGMV U2 sequence.
irus source and nucleotides are indicated between brackets. Additional nucleotides are indicated. The 2 indicates the end of in vitro transcripts
fter linearization of the plasmid DNA with KpnI.
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315TOBACCO MOSAIC VIRUS-BASED VECTORSrotein ORF was deleted, and the XhoI site was followed
y the coat protein subgenomic mRNA promoter and
oat protein ORF from ORSV and the 39 NTR for TMV. The
FP ORF was inserted as a PacI-XhoI fragment resulting
n TTOT-GFP (Fig. 1). TTOT-GFP was identical to TB2-GFP
xcept for the additional subgenomic mRNA promoter
equences and the PacI restriction site 59 of the GFP
RF. The GFP ORF was expressed from an mRNA with a
eader of 61 nt from TTOT-GFP compared with 18 nt from
B2-GFP, whereas the leader for the original wild-type
MV coat protein mRNA is 9 nt.
Protoplasts and plants infected with TB2-GFP or TTOT-
FP enabled direct comparisons of replication and ex-
ression of the foreign ORF between vectors with partial
nd full subgenomic promoters. The level of fluores-
FIG. 1ence emitted from TTOT-GFP-infected leaves was breater than that of TB2-GFP-infected leaves (Fig. 2),
lthough the levels of positive- and negative-stranded
NA accumulation of TB2-GFP and TTOT-GFP were ap-
roximately the same in protoplasts (Fig. 3) and plants
Fig. 4). Western immunoblot analyses with GFP-specific
ntiserum followed by densitometry and quantification
emonstrated that the full promoter in TTOT-GFP re-
ulted in more GFP than TB2-GFP, ;1.5–2 times more in
rotoplasts (Fig. 5), 3–4 times more in inoculated leaves,
nd .5 times more in systemically infected leaves of N.
enthamiana (Fig. 5).
ectors with heterologous coat protein genes
Although ORSV sequences were functional in the hy-
inuedrid vectors, TB2 and TTOT, that stably expressed foreign
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316 SHIVPRASAD ET AL.equences during systemic infection of plants, we rea-
oned that other cis-acting elements from more closely
elated tobamoviruses might function more efficiently
ith the TMV replicase than those from ORSV. We thus
hose to compare other tobamoviral sequences in a
eries of similar vectors that contained a heterologous
oat protein subgenomic mRNA promoter and coat pro-
FIG. 2. Fluorescence emitted under UV illumination (366 nm) from N.
lants inoculated with (A) buffer; (B) TB2-GFP; (C) TTOT-GFP; (D, left to
0B-GFPC3; and (F) 30B-GFPC3-infected plant (left) and 30B-GFP-infecein ORF. TMV-based vectors with heterologous se- nuences of tobacco mild green mosaic virus (TMGMV)
ariants U2 and U5, tomato mosaic virus (ToMV), and
unn-hemp mosaic virus (SHMV) were constructed and
nalyzed.
TMGMV is a designation that is used to combine a
roup of tobamovirus isolates that are similar in serology
nd symptomology (Wetter, 1986). Originally, U2 desig-
miana infected with hybrid vectors producing GFP. Upper leaves from
30B-GFP, TTOT-GFP, and 30B-GFP/Pac2, (E, left to right) 30B-GFP and
nt (right).bentha
right)ated a virus that was found as a component of the TMV
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317TOBACCO MOSAIC VIRUS-BASED VECTORSU1) population (Siegel and Wildman, 1954). U2 caused
ild symptoms in tobacco (N. tabacum) and induced
ecrotic lesions in N. sylvestris. U5 designated a virus
riginally identified from N. glauca by Professor J. G.
ald. The genome of U2 (TMGMV) has been completely
equenced (GenBank accession no. M34077; Solis and
arcia-Arenal, 1990). The U5 isolate has a much longer
9 NTR (357 versus 210 nt) containing tandem duplica-
ions of U2 nt 6174–6316, resulting in three extra
FIG. 3. Accumulation of RNAs by TMV-based hybrid vectors in to-
acco protoplasts. Northern blots of total RNA extracted from proto-
lasts 20 h postinoculation were probed with GFP positive-stranded
NA-specific (top) and TMV 59 negative-stranded RNA-specific (bottom)
robes. The faint bands are of host origin.
FIG. 4. Accumulation of RNAs by TMV-based hybrid vectors in inoc-
lated leaves (top) and systemically infected leaves (bottom) of N.
enthamiana. Northern blot hybridizations of total RNA extracts 14 day
ostinfection were probed with a GFP positive-sense RNA-specificbiboprobe.seudoknots, whereas U2 has a 39 NTR similar to that of
MV with three pseudoknots preceding the tRNA struc-
ure. Our U2 and U5 isolates differ at amino acid 143 in
he coat protein ORF and by 6 nt in the coat protein
ubgenomic mRNA promoter.
TTU2T-GFP, TTU5T-GFP, TTToT-GFP, and TTST-GFP
re almost identical to TTOT-GFP, with the complete
ative TMV coat protein subgenomic mRNA promoter in
ront of the GFP ORF, except that the subgenomic mRNA
romoter and coat protein ORF 39 of the GFP ORF are
rom U2, U5, ToMV, and SHMV, respectively (Fig. 1). All
ontained the TMV 39 NTR. In protoplasts, the accumu-
ation of both positive- and negative-stranded RNAs of
ach vector was similar to that of TB2-GFP and TTOT-
FP (Fig. 3). GFP accumulation in protoplasts infected
ith the U2- (TTU2T-GFP), U5- (TTU5T-GFP), or ToMV-
TTToT-GFP) hybrid vectors was similar to the ORSV
ybrid vector (TTOT-GFP) as estimated visually by fluo-
escence microscopy (data not shown) and by Western
mmunoblots (Fig. 5). The SHMV hybrid (TTST-GFP) pro-
uced substantially less GFP.
In plants, TTU2T-GFP (U2 hybrid), TTU5T-GFP (U5 hy-
rid), and TTToT-GFP (ToMV hybrid) replicated (Fig. 4),
oved, and produced levels of GFP (Fig. 5) similar to
B2-GFP but less than TTOT-GFP. TTST-GFP replicated
nd moved poorly. None of the vectors produced a de-
ectable GFP band when total soluble protein samples
ere analyzed by SDS–PAGE followed by Coomassie
FIG. 5. Western immunoblot analysis of GFP from (A) tobacco pro-
oplasts, (B) inoculated leaves, and (C) systemically infected leaves of
, benthamiana infected with TMV-based hybrid vectors expressing
FP. All bands of A are from the same experiment, but the order of
amples was rearranged in the figure.lue staining (Fig. 6).
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318 SHIVPRASAD ET AL.ectors with heterologous coat protein genes plus 39
TR
A series of related vectors were constructed in which
he heterologous sequences extended to the 39 termi-
us, including the coat protein subgenomic mRNA pro-
oter, coat protein ORF, and 39 NTR. In these constructs,
he replicase proteins and 39 cis-acting elements for
romotion of minus-stranded RNAs are from different
iruses. The hybrids constructed were TTToTo-GFP
ToMV) and TTU5U5-GFP (U5) (Fig. 1). Related hybrid
ectors are TTTo/SS-GFP, which has the ToMV sub-
enomic promoter, a chimeric coat protein (ToMV/
HMV), SHMV 39 NTR, and TTU5U5/T-GFP, which is
imilar to TTU5U5-GFP except that it has a chimeric/
uplicated 39 NTR comprising the 59 143 nt of the 357-nt
5 39 NTR followed by the complete TMV 39 NTR (Fig. 1).
hus TTU5U5/T-GFP contains a 39 NTR consisting of
hree U5 pseudoknots followed by the three TMV
seudoknots and tRNA-like structure.
In protoplasts, all of these vectors, with the exception
f the TMV/ToMV/SHMV hybrid vector (TTTo/SS-GFP),
ccumulated similar levels of positive- and negative-
tranded RNAs (Fig. 3). The ToMV (TTToTo-GFP) vector
roduced approximately the same level of GFP as the
RSV vector (TTOT-GFP) (Fig. 5) and 1.5- to 2-fold higher
evels than TB2-GFP. However, the U5 hybrid vectors
TU5U5-GFP and TTU5U5/T-GFP produced higher levels
f GFP than TB2-GFP and TTOT-GFP. TTU5U5-GFP pro-
uced more than twice the level of GFP in protoplasts
han its counterpart with the TMV 39 NTR (TTU5T-GFP)
Fig. 5). TTTo/SS-GFP did not produce detectable levels
f GFP (Fig. 5).
In plants, there were similar trends. All of these vec-
ors replicated and moved well with the exception of
TTo/SS-GFP, which accumulated poorly in upper leaves
Fig. 4). The ToMV (TTToTo-GFP) hybrid vector produced
evels of GFP similar to that of TB2-GFP, but the U5
FIG. 6. Analysis of total soluble protein from systemically infected
eaves of plants infected with TMV-based hybrid vectors expressing
FP by SDS–PAGE followed by Coomassie Brilliant Blue staining.
ositions of the GFP and viral coat protein (CP) bands are marked by
rrows.ybrids (TTU5U5-GFP and TTU5U5/T-GFP) produced ponsiderably more, 5–6 times more than TB2-GFP (Fig.
). Coomassie staining of total protein in SDS-PAGE
esulted in a faintly visible GFP band only in extracts from
TU5U5-GFP-infected plants (Fig. 6). Compared with its
ounterpart with the TMV 39 NTR (TTU5T-GFP), TTU5U5-
FP produced 20 times more GFP in both inoculated and
ystemically infected leaves. TTU5U5/T-GFP, which has
duplicated 39 NTR (U5/TMV) following the U5 coat
rotein subgenomic promoter and coat protein se-
uences, produced 5-fold higher levels of GFP in N.
enthamiana than those infected with TB2-GFP. Interest-
ngly, TTU5U5/T-GFP was a better vector than TTU5T-
FP, producing ;3 times higher levels of GFP in proto-
lasts and .20 times higher levels of GFP in systemi-
ally infected leaves of N. benthamiana (Fig. 5). These
esults suggest that the 39 NTR influenced expression of
oreign genes more than replication.
The SHMV 39 NTR has a tymovirus-like tRNA structure
hat charges valine in vitro instead of histidine, which is
ypical of other tobamoviruses (Garcia-Arenal, 1988). It
as already been shown that replacing the ToMV 39 NTR
ith the SHMV 39 NTR reduces the replication of ToMV
Ishikawa et al., 1988). In the case of the two SHMV
ybrid vectors, the vector with the SHMV 39 NTR (TTST-
FP) expressed less GFP than the corresponding vector
ith the TMV 39 NTR (TTTo/SS-GFP) (Fig. 5), probably
ue to reduced replication (Fig. 3).
ffect of internal pseudoknots on expression of GFP
We previously found that the levels of expression of
nternal genes in TMV depended on the proximity of the
RF to the 39 terminus (Culver et al., 1993). The highest
xpressed TMV gene is that of the coat protein, which is
djacent to the 39 NTR that consists of three
seudoknots followed by the tRNA-like structure (Pleij et
l., 1987). However, the 30-kDa ORF also was affected by
ts relative position within the genome. When the 30-kDa
RF was placed closer to the 39 terminus by deleting
art of or all of the coat protein ORF, its synthesis was
rogressively increased up to 20 times that of the wild-
ype virus (Culver et al., 1993). Insertions that moved the
0-kDa gene further from the 39 terminus correspond-
ngly decreased protein production. Position relative to
he 39 terminus affected the synthesis of the 30-kDa
rotein more than the use of different promoters. Regu-
ation of the 30-kDa gene by the coat protein subgenomic
RNA promoter affected the timing of synthesis but not
he amounts of the 30-kDa protein (Lehto et al., 1990).
osition also affected the expression of the coat protein
ene. In a virus with two coat protein genes in tandem,
he level of expression of the 39 proximal gene was
0–100 times more than the 59 gene (Culver et al., 1993).
ubsequently, we discovered that insertion of the three
seudoknots from the TMV 39 NTR between the two coat
rotein genes caused the level of expression of the 59
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319TOBACCO MOSAIC VIRUS-BASED VECTORSene to increase to levels similar to that of the 39 gene (S.
hapman and D. J. Lewandowski, unpublished results),
uggesting that proximity of the gene to the pseudoknots
ather than to the 39 terminus was the key to increased
xpression.
Based on this information, another series of vectors
ere designed with placement of the three pseudoknots
f the TMV 39 NTR immediately 39 of the foreign ORF (Fig.
). TTT-GFP had the GFP ORF adjacent to the 39
seudoknots by removing the TMV coat protein ORF (Fig.
). 30B-GFP had the same genomic organization as
TU5U5-GFP except that sequences containing the three
seudoknots of the TMV 39 NTR (nt 6192–6365) were
nserted 39 of the GFP ORF and 59 of the U5 coat protein
ubgenomic mRNA promoter (Fig. 1).
In protoplasts, 30B-GFP and TTT-GFP RNAs accumu-
ated to levels similar to those of TB2-GFP and most of
he other vectors (Fig. 3). TTT-GFP produced ;8 times
he level of GFP produced by TB2-GFP (Fig. 5). However,
TT-GFP did not move well in plants and produced little
FP in inoculated leaves and none in upper leaves (Fig.
). 30B-GFP produced similar amounts of GFP in inocu-
ated leaves as the comparable vector without the inter-
al pseudoknots (TTU5U5-GFP) but approximately twice
s much GFP in systemically infected leaves, which
ould be seen by viewing infected leaves under UV
llumination (Fig. 2). 30B-GFP produced a GFP band after
DS–PAGE and Coomassie Brilliant Blue staining that
as readily visible and represented ;5% of total soluble
rotein in the polyacrylamide gels (Fig. 6).
ffect of stop codon in GFP mRNA leader
A stop codon within the leader of TMV mRNAs ap-
eared to decrease the efficiency of translation of that
RNA. The PacI restriction endonuclease site (TTAAT-
AA) that was engineered behind the subgenomic
RNA promoter introduced two stop codons (in bold) in
he leader of the foreign gene mRNA, including one
n-frame with the start codon. Previous work with cauli-
lower mosaic virus demonstrated that a stop codon in
he reading frame within the mRNA leader could down-
egulate gene expression (S. Gowda, personal commu-
ication). To determine whether the in-frame stop codon
as detrimental to GFP production, we removed the
n-frame stop codon of the PacI site, resulting in 30B-
FP/Pac2. Although the genomic and subgenomic RNAs
f 30B-GFP/Pac2 accumulated approximately the same
s those of 30B-GFP (Fig. 3), there was an increase in
FP accumulation in protoplasts and plants (Fig. 5) com-
ared with that produced by 30B-GFP, which was clearly
isible under UV illumination (Fig. 2).
omparison of wild-type and cycle 3 GFP
The cycle 3 GFP (GFPC3) gene is a modified GFP gene
esulting from DNA shuffling of the native gene and selection for increased fluorescence in E. coli (Crameri
t al., 1996). The GFPC3 protein has 239 amino acids
ompared with 238 in the wild-type GFP, resulting from
n insertion of an Ala at the N-terminus, in addition to
wo amino acid substitutions and 25 silent nt changes.
0B-GFPC3 and 30B-GFPC3/Pac2 are identical to 30B-
FP and 30B-GFP/Pac2 except for the GFP ORF
GFPC3). Although 30B-GFPC3 and 30B-GFPC3/Pac2
NAs accumulated in protoplasts (Fig. 3) and plants (Fig.
) similarly to 30B-GFP and 30B-GFP/Pac2, there was a
ubstantial increase in visible fluorescence in proto-
lasts and plants (Fig. 2). This is partially due to the
educed aggregation and increased in vivo fluorescence
f GFPC3 compared with the wild-type protein (Crameri
t al., 1996). However, 30B-GFPC3 produced .5 times as
uch GFP in protoplasts and plants as 30B-GFP (Fig. 5).
major GFP band was visible when total soluble protein
rom 30B-GFPC3-infected plants was analyzed by SDS–
AGE (Fig. 6). The amount of GFP protein per lane was
stimated by comparing the GFP band with dilutions of
urified standards in other lanes. The percentage of
FPC3 protein in total soluble protein samples from
0B-GFPC3- and 30B-GFPC3/Pac2-infected upper
eaves was estimated to be .10%. As shown in Fig. 6,
he removal of the in-frame stop codon due to the PacI
estriction site did not appreciably affect the accumula-
ion of GFPC3.
Because GFP and GFPC3 could be visualized in intact
lants, the relative stabilities of the proteins could be
onitored. We could not differentiate the longevity of
luorescence resulting from these two proteins over time.
oth were stable proteins that fluoresced for weeks in
ntact plants. These results suggest that the accumula-
ion rates of both proteins approximated their synthesis
ates. Thus the GFPC3 appeared to be synthesized more
han GFP in the same vector.
ranscriptional regulation
One of the most notable features of Fig. 6 is the
ariation in the levels of viral coat protein and GFP.
omparison of the ToMV, ORSV, and U5 hybrids revealed
n inverse relationship between accumulation of coat
rotein and GFP. Vectors with the ToMV or ORSV coat
rotein ORFs produced much more coat protein but less
FP than the others, whereas the 30B vector produced
evels of GFP that were greater than the levels of coat
rotein.
To correlate the relative levels of translation and tran-
cription, we compared the amounts of coat protein and
FP mRNAs and proteins produced by the different vec-
ors. Analysis of mRNAs was complicated by the fact that
he different vectors have different coat protein and 39
TR sequences and the same hybridization probes
ould not be used for all vectors. However, there was
ufficient sequence similarity between U5 and U2 that
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320 SHIVPRASAD ET AL.ither sequence could be used as a probe. A majority of
he vectors have either TMV or U2/U5 39 sequences,
llowing two analyses for comparison of most of the
ectors.
TB2-GFP, TTOT-GFP, TTToT-GFP, TTST-GFP, TTU2T-
FP, TTU5U5/T-GFP, TTU5T-GFP, and TTT-GFP have the
MV 39 NTR (Fig. 1) and were probed with a TMV 39
robe. TB2-GFP, TTOT-GFP, and TTToT-GFP accumulated
ery high levels of coat protein mRNA relative to small
mounts of the GFP mRNA (Fig. 7). In contrast, the U5
ybrid vectors (TTU5T-GFP and TTU5U5/T-GFP) had sim-
lar levels of GFP and coat protein mRNAs. The mRNAs
f the vectors containing U2 or U5 39 NTRs were de-
ected by the U2 39 NTR probe. The ratios of coat protein
RNA to GFP mRNA for 30B-GFP, 30B-GFP/Pac2,
TU5U5/T-GFP, TTU5U5-GFP, and TTU5T vectors were
1–2.5:1, whereas the levels of GFP mRNA of 30B-
FPC3 and 30B-GFPC3/Pac2 were twice as much as
hat of the coat protein mRNA (Fig. 7).
Placing the TMV pseudoknots behind the foreign gene
30B-GFP), compared with an identical vector without the
seudoknots (TTU5U5-GFP), resulted in increased GFP
roduction that was correlated with increased GFP
RNA levels (Fig. 7). Levels of mRNA for both GFP and
oat protein were 1.4 times higher in 30B-GFP-infected
ells than in TTU5U5-GFP-infected cells.
Although the different vectors replicated similarly,
here were major differences in the levels of transcription
FIG. 7. Genomic and subgenomic RNA accumulation in tobacco
rotoplasts. Northern blot hybridization of total RNA extracted from
rotoplasts 20 h postinoculation with TMV-based hybrid vectors ex-
ressing GFP were probed with a TMV 39 positive-stranded RNA-
pecific RNA probe (top) and a TMGMV U2 39-specific DNA probe
bottom). The genomic RNA [(1) RNA] and subgenomic RNAs (sgRNA)
re labeled. *Extra subgenomic mRNA due to the presence of the extra
MV pseudoknots.f the different mRNAs. Comparison of the ORSV, ToMV, ond U5 hybrids suggested that there was competition for
roduction of the different subgenomic mRNAs. De-
reases in the coat protein mRNA were correlated with
ncreases in the GFP mRNA.
ranslational regulation
Among the different vectors, there was some evidence
f translational regulation. Removing the stop codon
rom the GFP mRNA leader caused up to a 2-fold in-
rease in protein accumulation. Changing the GFP ORF
rom wild-type to C3 also suggested that translation
ould affect foreign gene expression from these vectors.
lthough the slight increase in GFP mRNA might account
or some of the increase in GFPC3 production, much of
he increase appears to have resulted from an increase
n translation of GFPC3 mRNAs. One possibility is that
he codon use of the GFPC3 ORF allows more efficient
ranslation in plants. However, this would be unexpected
ecause the wild-type GFP ORF originated from an eu-
aryote (jellyfish), whereas the mutated GFPC3 was se-
ected for enhanced expression in a prokaryote (E. coli),
et it is remarkable how much difference there was in
rotein accumulation between these two similar ORFs.
he GFPC3 ORF appeared to be translated ;4 times as
uch as the wild-type GFP ORF.
Overall, based on comparisons of the relative amounts
nd ratios of mRNAs and proteins, it appears that the
ajor regulatory component of coat protein and GFP
xpression was transcriptional.
onclusions
An emerging agricultural biotechnology is the use of
irus-based expression vectors to produce specialty
roducts in plants. To increase the usefulness of this
ew technology, improved vectors are needed to provide
roduction of high yields of any desired protein in an
ppropriate host species.
The first generations of plant virus-based vectors were
uilt based on a limited understanding of viral gene
xpression and cis-acting elements. They generally pro-
uced disappointing levels of gene product, failed to
ove effectively throughout the infected plant, and too
uickly lost the foreign sequences due to recombination
nd selection. The lesson these vectors taught was how
ittle we understand regulation of viral gene expression.
esults from this study demonstrate that we are still in
he empirical stage of vector building. All of the vectors
xamined were essentially from the same design, con-
aining heterologous tobamovirus sequences including
n extra subgenomic mRNA promoter. However, sub-
tantial differences in the amounts of GFP produced by
he different vectors clearly demonstrate that building an
ffective vector from a virus is not a trivial exercise. An
ffective expression vector should contain a combination
f cis-acting elements that appropriately partitions the
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321TOBACCO MOSAIC VIRUS-BASED VECTORSimited replicase activity among the various promoters to
nsure adequate replication and movement while pro-
iding the maximal level of foreign gene expression.
ven though there is a preference for increased tran-
cription of subgenomic mRNA promoters nearer the 39
erminus, this can be countered by using promoters that
re less efficient. However, not all inefficient promoters
or the coat protein gene increase expression of the
oreign gene, suggesting that other factors are involved.
y mixing different combinations of cis-acting elements,
ome unexpected perturbations occurred. For example,
nternal placement of 39 pseudoknots near the foreign
RF increased gene expression but also resulted in the
roduction of an extra subgenomic mRNA (compare the
NA profiles of 30B and 30B-GFP with TTU5U5: see band
arked by asterisk in Fig. 7). Preliminary mapping indi-
ated that the extra RNA initiated within the internal
seudoknot sequence (data not presented), yet the ad-
ition of this subgenomic RNA did not decrease expres-
ion of the foreign gene but in fact gave the opposite
esult.
30B was the most effective vector from this series for
roducing high levels of GFP in plants. Although GFP as
reporter was useful in monitoring the movement and
tability of the vector in plants, the use of a reporter gene
s not a valid measure of an effective virus-based vector
n plants. The critical measurement for a virus-based
xpression vector is the level of protein production. The
0B vector generally was able to produce readily visible
ands in stained SDS–PAGE gels representing foreign
rotein production. This vector quickly invades and pro-
uces large amounts of protein throughout N. benthami-
na plants. With foreign ORFs the size of GFP or larger,
t does not move efficiently through phloem in tobacco or
ther laboratory plants normally systemically infected by
MV, perhaps due to some genome length constraint.
owever, it effectively produces foreign proteins in inoc-
lated leaves of these plants. One important character-
stic of virus-based vectors is stability. The vector needs
o be sufficiently stable to produce products in plants but
ufficiently unstable such that the foreign sequence will
ot remain in the environment after production. 30B
ould be propagated in N. benthamiana, allowing full
ystemic infection over a 2- to 3-week period. Inoculum
rom the upper leaves could be used to infect a new set
f plants resulting in similar systemic infection with uni-
orm fluorescence. This could be repeated through three
r four serial passages in plants.
This vector already is in use in several laboratories for
xamination of protein function, production of pharma-
eutical products, production of proteins for determina-
ion of structure, and for suppression of host genes.
ecent protocols are available describing methodolo-
ies needed to make this vector a useful molecular
iology tool (Pogue et al., 1998).Although this work focuses on using TMV as an ex- pression vector, it has implications for the general un-
erstanding of how to develop vectors for other plant
iruses. For different plants, there will likely be different
iruses that would be optimal for the construction of
ransient expression vectors. Our vision is that this tech-
ology is still in its infancy and that future vectors will
se the properties of a range of viruses and be facilitated
y expression of functional elements from the host ge-
ome as well as those of the virus. The ultimate vectors
ay not even be recognizable as viruses.
MATERIALS AND METHODS
ector construction
A schematic diagram of the hybrid vectors is shown in
ig. 1. The procedures used in cloning were essentially
hose described by Sambrook et al. (1989). The GFP ORF
rom jellyfish (Aequorea victoria) (Clontech) (Chalfie et
l., 1994; Prasher et al., 1992) was amplified by PCR with
rimers that introduced a PacI restriction endonuclease
ite at the start codon and an XhoI site at the stop codon
f the ORF, digested, and ligated into the vector plasmids
ut with PacI and XhoI, except that the GFP ORF was
loned into the XhoI site of TB2 by Dr. Simon Santa Cruz.
FPC3 (Crameri et al., 1996) was cloned into PacI-XhoI
lunt-ended p30B as a PacI-PmlI-digested PCR fragment.
0B-GFP/Pac2 and 30B-GFPC3/Pac2 were made by di-
esting p30B-GFP and p30B-GFPC3 with PacI, filling the
ingle-stranded overhang with T4 DNA polymerase and
eligating the plasmids.
n vitro transcriptions, protoplast inoculations, and
lant inoculations
In vitro transcripts, using T7 RNA polymerase (New
ngland Biolabs), were synthesized after linearization of
he plasmids with KpnI. Transcripts were used to inocu-
ate Xanthi tobacco cell suspension protoplasts as de-
cribed previously (Lewandowski and Dawson, 1998).
nalysis of RNA
Northern blot hybridization analysis of RNA extracted
rom protoplasts and plants were carried out as de-
cribed previously (Lewandowski and Dawson, 1998).
he digoxigenin-labeled probes (by Boehringer Mann-
eim specifications) used in Northern blot hybridization
ere riboprobes for GFP (positive-stranded RNA spe-
ific: SP6 transcripts of the negative-sense of the entire
FP ORF), TMV 59-genomic RNA (negative-stranded
NA specific: nt 1–256), TMV 39 NTR (positive-stranded
NA specific: complementary to nt 6202–6395), and a
MGMV U2 39NTR DNA probe (positive-stranded RNA
pecific: nt 5985–6355).
Samples were taken from inoculated and upper leaves
f infected plants 14 days postinfection for RNA and
rotein analysis. For this purpose, a cork borer (size 3; 5
m
p
l
l
G
s
w
3
t
f
p
t
o
7
o
f
o
T
t
m
p
a
m
m
a
(
A
c
S
J
A
B
C
C
C
C
C
D
D
D
D
F
F
G
H
I
J
K
K
K
K
K
L
L
L
M
322 SHIVPRASAD ET AL.g fresh weight) was used to take disks, in duplicate, for
rotein and RNA extraction from the fluorescent areas of
eaves after illumination of the plants with a hand-held
ong-wave UV lamp (366 nm).
FP analysis
Fluorescence of GFP in plants was examined nonde-
tructively by visualization or photography under long-
ave UV illumination. Plants were photographed with
5-mm Kodak Ektachrome 400 film using a Kodak wrat-
en filter 58. Western immunoblot analysis was per-
ormed using GFP-specific antiserum (Clontech, Inc.). For
rotein analysis from protoplasts, proteins were ex-
racted after resuspending the protoplast pellet in 400 ml
f PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, pH
.3). Fifty microliters of the extract was mixed with 50 ml
f 23 loading buffer (Laemmli, 1970). For protein analysis
rom plants, individual leaf disks from fluorescent areas
f the leaves were extracted with 100 ml of buffer (50 mM
ris, pH 7.5, 10 mM KCl, 5 mM MgCl2, 10 mM b-mercap-
oethanol, 0.4 M sucrose, 20% glycerol), mixed with 100
l of 23 loading buffer, and boiled for 3 min, and sam-
les were loaded for SDS–PAGE, Western immunoblot
nalysis, and Coomassie Brilliant Blue R-250 staining.
For quantitative estimation of protein and RNA, the
embranes and x-ray films were scanned, and densito-
etric analysis was carried out using the OS-Scan im-
ge analysis software (Oberlin Scientific). Purified GFP
Clontech, Inc.) was used as standard.
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